Motility responses triggered by changes in the electron transport system are collectively known as energy taxis. In Azospirillum brasilense, energy taxis was shown to be the principal form of locomotor control. In the present study, we have identified a novel chemoreceptor-like protein, named Tlp1, which serves as an energy taxis transducer. The Tlp1 protein is predicted to have an N-terminal periplasmic region and a cytoplasmic C-terminal signaling module homologous to those of other chemoreceptors. The predicted periplasmic region of Tlp1 comprises a conserved domain that is found in two types of microbial sensory receptors: chemotaxis transducers and histidine kinases. However, the function of this domain is currently unknown. We characterized the behavior of a tlp1 mutant by a series of spatial and temporal gradient assays. The tlp1 mutant is deficient in (i) chemotaxis to several rapidly oxidizable substrates, (ii) taxis to terminal electron acceptors (oxygen and nitrate), and (iii) redox taxis. Taken together, the data strongly suggest that Tlp1 mediates energy taxis in A. brasilense. Using qualitative and quantitative assays, we have also demonstrated that the tlp1 mutant is impaired in colonization of plant roots. This finding supports the hypothesis that energy taxis and therefore bacterial metabolism might be key factors in determining host specificity in Azospirillum-grass associations.
Azospirillum brasilense, a free-living diazotroph that belongs to the alpha-subdivision of proteobacteria, associates with the roots of many agriculturally important crops, including wheat, corn, and rice. Azospirilla colonize the root surface and may significantly promote plant growth and crop yield, properties that make them attractive candidates for the development of biological fertilizers for these crops (26) (27) (28) . The ability of Azospirillum to attain significant populations on the root surfaces of the host is essential for its beneficial effect on plant growth and requires that the bacteria come in close contact with the roots (9, 27, 28, 35) . The abilities of sensing chemicals released by the host plant and navigating toward the root system are likely to be important for the establishment of bacteria, including Azospirillum (9, 10, 42) , in the rhizosphere. Experimental evidence supporting this hypothesis was obtained by demonstrating that nonchemotactic and nonmotile mutants of A. brasilense are severely impaired in surface colonization of wheat roots (41) . Although there is no strict host specificity in Azospirillum-plant associations, a strain-specific chemotaxis was reported: strains isolated from the rhizosphere of a particular grass demonstrated preferential chemotaxis toward chemicals found in root exudates of that grass (31) . These results suggested that chemotaxis may contribute to host-plant specificity and could largely be determined by metabolism (31) .
Most motility responses in A. brasilense are a particular form of metabolism-dependent taxis called energy taxis (1) . In energy taxis, a flow of reducing equivalents through an electron transport system is required for a behavioral response. Thus, energy taxis typically encompasses various (but not all) types of aerotaxis, taxis to alternative electron acceptors, phototaxis, redox taxis, and chemotaxis to oxidizable substrates (donors of reducing equivalents) (4, 38, 39) .
Aerotaxis is the strongest behavioral response in A. brasilense. It guides the bacteria to an oxygen concentration optimal for energy generation and nitrogen fixation (8, 52) . It has also recently been shown that a functional electron transport system is required not only for aerotaxis and taxis to alternative electron acceptors, as expected, but also for chemotaxis, suggesting that A. brasilense is attracted to most chemicals via energy taxis (1) . In addition, redox molecules that interact directly with the electron transport system and inhibit the flow of reducing equivalents through the respiratory chain are repellents for A. brasilense. Therefore, the signal for major behavioral responses in A. brasilense originates within the electron transport system (1). In energy taxis, any changes in electron transport trigger a behavioral response: changes leading to a step-up in intracellular energy level produce an attractant signal, whereas a step-down in energy level causes a repellent signal (4, 38, 39) . Because energy taxis couples energy metabolism and motility, this behavior may be significant in the ecology of Azospirillum spp. and other species that are not dependent on specific plant signals to form associations with host plants (2) .
Motility responses in bacteria depend on the cellular signal transduction machinery that transmits information from the environment to the motility apparatus. The molecular mechanism governing bacterial chemotaxis is best understood in Escherichia coli (15, 36) . Changes in concentration of various effectors are detected by specialized transmembrane chemoreceptors, also termed methyl-accepting chemotaxis proteins (MCPs) or transducers. Upon binding of a chemoeffector, chemotaxis transducers undergo conformational changes that are transmitted to the flagellar motors by a phosphoryl transfer cascade between cytoplasmic signal transduction proteins. The CheA histidine kinase, which is docked to chemoreceptors via CheW, serves as a phosphodonor for CheY. In its phosphorylated form, CheY is able to bind to the switch of the flagellar motor, an event that changes the direction of rotation of the flagellum and causes the cell to tumble (36) . Two additional proteins, CheB methylesterase and CheR methyltransferase, comprise the adaptation pathway (15, 36) . E. coli has five chemotaxis transducers: four transmembrane MCPs (Tsr, Tar, Trg, and Tap) (15) and one membrane-associated cytoplasmic receptor (Aer) (13, 30) .
The chemotaxis operon in A. brasilense has recently been identified, and it has been shown that the operon comprises genes coding for the central excitation and adaptation chemotaxis pathway, which is homologous to that of E. coli. Mutations in the A. brasilense chemotaxis operon abolish taxis to all known stimuli and affect the pattern of motility (20) , suggesting that this operon is the major regulator of motile behavior. It has also been shown that, despite their divergence in sequence, the chemotaxis proteins of A. brasilense are functional homologs of their E. coli counterparts (5) .
In this study, we describe the first chemoreceptor identified in A. brasilense, Tlp1 (for transducer-like protein 1), and demonstrate that it serves as an energy taxis transducer. We also show that Tlp1 promotes colonization of plant roots by A. brasilense. This finding is significant because it provides experimental support for the hypothesis that energy taxis, and therefore bacterial metabolism, might be a key factor in determining the host specificity in Azospirillum-grass associations. To our knowledge, Tlp1 is the only chemotaxis transducer with a known function that is directly implicated in host-microbe interactions.
MATERIALS AND METHODS
Media, bacterial strains, and growth conditions. A. brasilense Sp7 (ATCC 29145), a wild type for chemotaxis, was used throughout this study. Bacterial strains and plasmids are listed in Table 1 . The A. brasilense cells were grown at 28°C in a minimal medium (MMAB) (43) supplemented with the carbon source of choice at a final concentration of 10 mM. For aerobic growth, the cells were incubated at 200 rpm on a rotary shaker. For anaerobic growth, cells were incubated in a GasPak anaerobic system (Becton Dickinson Microbiology Systems, Cockeysville, Md.). The growth medium was supplemented with the antibiotics kanamycin (30 g/ml) and tetracycline (10 g/ml) for A. brasilense. Ampicillin (100 g/ml) was used with E. coli.
Growth of the wild-type strain Sp7 and the tlp1 mutant (see below) was compared by following the optical density at 600 nm (OD 600 ) over time of cultures in MMAB minimal medium containing either malate, fumarate, succinate, or fructose as the sole carbon source at two different concentrations, 5 and 10 mM (final concentration).
Identification of a new chemotaxis transducer. Twenty-four sequences of transducer-like proteins and MCPs from the ␣-proteobacteria Caulobacter crescentus, Rhodobacter capsulatus, Rhodobacter sphaeroides, Rhizobium leguminosarum, Rhizobium meliloti, Agrobacterium tumefaciens, and the ␥-proteobacterium E. coli were aligned with CLUSTAL_X (40) . A 16-residue highly conserved domain (HCD) sequence (NLLALNAGVEAARAG) was identified in the Cterminal region, and a degenerate oligonucleotide (HCD probe) (5Ј-AACCTG CTGGCCCTGAACGCCGGCGTCGAGGCCGCCCGCGCCGGC) was synthesized (Sigma Genosys, The Woodlands, Tex.) and labeled with digoxigenin-11-ddUTP with the DIG Oligonucleotide 3ЈEnd labeling kit (Roche Applied Science, Indianapolis, Ind.). The A. brasilense Sp7 genomic library in the pLAFR1 cosmid (44) was screened with the HCD probe by colony hybridization according to the manufacturer's protocols (Roche Applied Science). One of the cosmids yielding a positive hybridization with the probe was named pHCD12 ( Table 1 ). The pHCD12 cosmid was digested with several enzymes and rehybridized with the probe to identify smaller restriction fragments suitable for sequencing. A 1.6-kb EcoRI/SalI fragment and a 2.9-kb BstBI/EcoRI fragment that still hybridized with the HCD probe were subcloned into pUC18 digested with the same enzymes, resulting in plasmids pSG312 and pSG316, respectively (Table 1) . Direct sequencing and primer walking from pHCD12, pSG312, and pSG316 were used in automated DNA sequencing (ABI Prism) to obtain the DNA sequence of the region encompassing the tlp1 gene and flanking regions.
Recombinant DNA techniques. Preparation of cosmid, plasmid, and genomic DNA, transformations, restriction endonuclease digestions, DNA extraction from agarose gels, ligation reactions; PCR and Southern hybridization, and DNA transformation into E. coli were carried out by standard protocols (33) and the Table 1 ). The pSG319 plasmid was introduced into A. brasilense by triparental mating with the pRK2013 vector as a helper, as described previously (20) . Recombinants were screened for the loss of the recombinant plasmid and for double homologous recombination by replica plating on the appropriate antibiotics (Km r and Tet s ). The correct allelic replacement in putative mutants was verified by PCR and Southern hybridization, with DNA fragments from the tlp1 gene, the suicide vector, and the Km r cassette as probes. One of the tlp1 mutants (SG323) was chosen for further characterization.
Computational DNA and protein sequence analysis. Computational gene finding was carried out using the FramePlot program, which is designed to predict protein-coding regions in bacterial DNA with a high GϩC content (21) . The start codon of the tlp1 gene was verified with the GeneMarkS program (11) . Similarity searches against the nonredundant database at the National Center for Biotechnology Information (Bethesda, Md.) were carried out with the BLASTP and PSI-BLAST programs (6) . Domain architecture of the predicted Tlp1 protein was obtained by searching against the SMART domain database (24) . Multiplesequence alignment of the conserved N-terminal periplasmic region of Tlp1 (residues 78 to 176) was constructed with CLUSTAL_X (40) . A bootstrapped neighbor-joining tree was generated from the multiple alignment with the MEGA phylogenetic package (22) .
Behavioral assays. The swarm plate and temporal gradient assays for chemotaxis and the miniplug assay for redox taxis and chemotaxis in A. brasilense were performed essentially as previously described (1). For swarm plate assays, the same number of cells of the wild type and the mutant were inoculated by using a 5-l aliquot of cells in exponential phase adjusted to the same OD 600 value. The final concentration of the chemical to be tested as a chemoeffector was 10 mM. Taxis on swarm plates under anaerobic conditions was assessed with nitrate as a terminal electron acceptor, succinate or fructose as an electron donor, and the sole carbon source in the MMAB medium (43) lacking ammonium ions. The plates were incubated under anaerobic conditions in a GasPak anaerobic system (Becton Dickinson) and were inoculated with cells previously grown anaerobically with nitrate as a terminal electron acceptor in minimal liquid medium. The final concentration of nitrate was 10 mM. The optimum concentrations of the carbon sources added as electron donors to observe a sharp chemotaxis ring in this assay were determined in preliminary experiments and corresponded to 5 mM for succinate and 10 mM for fructose.
The spatial gradient assay for aerotaxis was used as previously described, with modifications (1). Cells were washed three times and resuspended in chemotaxis buffer (10 mM phosphate buffer [pH 7.0], 1 mM EDTA). Nine microliters of cells was mixed with 1 l of the appropriate carbon source to give a final concentration of 2.5 mM and introduced into an optically flat capillary tube. The positions of the aerotactic bands formed by the wild type and the tlp1 mutant in the capillary tube were compared by measuring the relative distance of each aerotactic band from the meniscus. The temporal gradient assay for aerotaxis was used to measure the time until adaptation to oxygen removal and was performed as described by Zhulin et al. (52) . Response times were measured in triplicate in three independent experiments. Measurement of respiration. Respiration (oxygen consumption) in bacterial suspensions of the wild type (Sp7) and the tlp1 mutant was measured as previously described (1) .
Preparation of wheat seeds and plant root colonization assays. Seeds of wheat (Triticum aestivum cv. Jagger) were provided by R. L. Bowden (U.S. Department of Agriculture-Agricultural Research Service, Manhattan, Kans.). Seeds were surface-sterilized as described by Ramos et al. (29) and germinated by incubation in the dark for 3 days on nutrient agar plates (8 g of Bacto nutrient broth/liter and 15 g of agar/liter) at 23°C. A. brasilense cells (Sp7 and the tlp1 mutant) were harvested at mid-logarithmic-growth phase (OD 600 , 0.4), washed three times in sterile chemotaxis buffer, and concentrated to 10 8 cells/ml. The density of the cell suspensions was verified by serial dilution and plating onto MMAB plates. For each strain, 10 7 cells were added to 26-by 150-mm glass tubes containing 15 ml of molten Farhaeus semisoft agar (4% [wt/vol] agar) (50) . After the agar had solidified, one sterile germinated seedling was aseptically transferred into each tube. The seedlings were grown at 23°C, with a photoperiod of 16 h of light and 8 h of dark. Ten days after inoculation, the seedlings were washed briefly in sterile chemotaxis buffer to remove excess agar still adhering to the roots, blotted briefly on sterile Whatman 3MM filter paper, and weighed. Equal-sized roots from five plants were individually crushed in 50 ml of sterile chemotaxis buffer with a Waring blender. Serial dilutions were plated on MMAB medium supplemented with kanamycin (25 g/ml) and incubated for 4 days at 28°C to count colonies of the tlp1 mutant.
In situ detection of bacteria on the root surface. To monitor the pattern of colonization of the surface of sterile wheat roots, we introduced a stable plasmid, pJBA21TC, that constitutively expresses gusA from the Paph promoter (45) from E. coli into the wild-type strain Sp7 and the tlp1 mutant of A. brasilense by triparental matings, as described previously (44) . There was no difference in the growth of A. brasilense Sp7 and tlp1 cells carrying the pJBA21TC plasmid. This plasmid contains the parDE genes and was reported to be very stable under nonselective conditions (45) . Similarly, we found that this plasmid was stable in A. brasilense for at least 100 generations under nonselective conditions. Sterile wheat seedlings were prepared and inoculated as described above. The ␤-glucuronidase activity was measured 10 days after inoculation on seedlings with equalsized roots by the procedure described by Ramos et al. (29) , except that the final concentration of 5-bromo-4-chloro-3-indoxyl-␤-D-glucuronide used was 100 g/ ml. The root systems of at least five plants were visually inspected and photographed.
Statistical analysis of data. A two-tailed t test, assuming unequal variances and with a 0.01 confidence level, was used to determine if the differences between the mutant and the wild type in the spatial gradient assay for aerotaxis and in the spatial gradient assay for chemotaxis and anaerobic nitrate taxis were statistically significant. A t test, with similar parameters, was also performed to compare the respiration rates of the wild type and the tlp1 mutant. Data obtained for these two strains in the quantitative colonization of wheat were compared by analysis of variance.
Nucleotide sequence accession number. The nucleotide sequences determined in this study have been deposited in the GenBank database under the accession number AY584240.
RESULTS
Identification of the tlp1 gene, sequence analysis, and mutant construction. The genome of A. brasilense has not yet been sequenced. Therefore, the genomic library of A. brasilense Sp7 (20) was screened by colony hybridization with a degenerate probe to the HCD of the chemoreceptors (23, 51) . This screen resulted in the identification of several candidate cosmids, including pHCD12. Sequencing and analysis of the pHCD12 insert revealed a 1,995-bp open reading frame encoding a putative chemoreceptor-like protein that we named Tlp1. Eleven base pairs upstream of the predicted start codon of the tlp1 gene was a predicted ribosomal binding site, as identified by the GeneMark program (11) . A gene coding for a cytochrome c was identified immediately downstream and in the opposite orientation of tlp1. An open reading frame coding for a hypothetical protein was detected upstream and in the opposite orientation of the tlp1 gene (Fig. 1A) .
The inferred Tlp1 protein has a predicted molecular mass of 70 kDa. It has a membrane topology typical of classical transmembrane chemoreceptors (Fig. 1B) . Two transmembrane regions demarcate the N-terminal periplasmic domain of Tlp1, and the C-terminal region consists of a HAMP (histidine kinases, adenylyl cyclases, methyl binding proteins, and phosphatases) domain (7) and a signaling module containing the HCD and two methylation regions typical of chemoreceptors (23) . Similarity searches using the BLASTP program (6) revealed that the Tlp1 C-terminal signaling module is homologous to those of chemoreceptors from closely related ␣-proteobacteria, namely Magnetospirillum magnetotacticum, Rhodospirillum rubrum, Rhodopseudomonas palustris, and Bradyrhizobium ja-
ponicum (data not shown). PSI-BLAST searches with the Nterminal periplasmic region of Tlp1 followed by multiple alignment of related sequences showed that it comprises a novel domain of unknown function (Fig. 2) . This domain was found exclusively in the extracellular regions of two classes of receptor proteins from various distantly related bacterial species: chemotaxis transducers and sensor histidine kinases (Fig. 3 ).
Computational analysis did not suggest any specific sensory function for Tlp1. There are no known conserved motifs for binding prosthetic groups. Interestingly, there is a conserved set of aromatic amino acids (Phe102, Tyr152, and Tyr156) (Fig.  2) that is usually present in the contact sites where two proteins interact (25) .
We constructed a mutant defective in the tlp1 gene (SG323) and characterized its motile behavior by a variety of qualitative and quantitative assays. The average swimming speed and reversal frequency of the mutant were essentially the same as that of the wild type. Growth of the mutant in rich and minimal media containing various chemicals as a sole carbon source (see Material and Methods) was indistinguishable from that of the wild type.
The tlp1 mutant is impaired in chemotaxis to rapidly oxidizable substrates. Chemotaxis to various carbon sources known to be attractants for A. brasilense was tested on swarm plates (1) . Selected results are shown in Fig. 4 . We found that chemotaxis to amino acids and certain sugars (galactose and ribose) was indistinguishable in the mutant and the wild type. However, the mutant was significantly impaired in chemotaxis to organic acids, glycerol, and maltose. The results of the swarm plate assay also indicated that the tlp1 mutant might be impaired in chemotaxis to fructose, but the difference was not statistically significant.
In swarm plates, bacteria metabolize the carbon source and move along its gradient. Therefore, in this assay, the size of the (40) . The start and end positions (domain boundaries) are shown to the right of each sequence. A consensus for multiple alignment (85% threshold) determined by using the CONSENSUS script (www.bork.emblheidelberg.de/Alignment/consensus.html) is shown at the bottom. Identical residues are highlighted in black, and chemically similar residues are highlighted in gray. Each sequence in the alignment is identified by its GenBank protein identification number (except for the Tlp1 protein, for which the GenBank accession number of the corresponding DNA region is given) and by the abbreviated name of the organism. chemotactic ring is affected by both chemotaxis and metabolism. We have shown that there was no difference in growth between the mutant and wild-type cells on organic acids, sugars, and glycerol. Therefore, we infer that the diminished diameters of the chemotactic rings in these experiments are due to a defect in chemotaxis.
It is important to stress that chemotaxis was not abolished in the tlp1 mutant and that the mutant only displayed a reduced ability to move along gradients of oxidizable substrates (Fig. 4) . The difference in the behavior of the wild type and the tlp1 mutant was most significant in the presence of substrates that were previously identified as the strongest chemoattractants for A. brasilense, such as sugars and organic acids (1). We have confirmed the chemotaxis phenotype by two additional behavioral assays: a miniplug method and a quantitative temporal gradient assay (Table 2 ). Cell metabolism is not required for the formation of the gradient of the chemoeffector tested in either assay. We found that the tlp1 mutant was significantly impaired in taxis to chemicals that are strong attractants for A. brasilense, whereas no significant difference could be detected in the response of the wild type and the tlp1 mutant to weaker chemoeffectors, such as amino acids. Data from both the temporal gradient assay and the miniplug method also suggested that the tlp1 mutant was deficient in chemotaxis to fructose, a strong attractant for A. brasilense. Altogether, these results suggest that the tlp1 mutant is deficient in chemotaxis to rapidly oxidizable substrates that have been previously shown to elicit energy taxis in A. brasilense (1) .
The tlp1 mutant is impaired in taxis to electron acceptors. Aerotaxis is the strongest motility response in A. brasilense (8, 52) and is part of the overall energy taxis in this organism (1). We measured aerotaxis in the tlp1 mutant and the wild type by the capillary assay described previously (1, 52) . Cells in a minimal medium placed in an optically flat capillary tube form an aerotactic band at a preferred oxygen concentration within 0.5 to 5 min. In aerotaxis, cells respond to changes in the rate of electron transport between the electron donor (substrate) and electron acceptor (oxygen) (1, 39, 52 ). Because the substrate in the capillary is distributed uniformly in the cell suspension, the behavior observed in this assay is in response to the oxygen gradient formed by oxygen diffusion into the capillary tube and oxygen consumption by respiring cells. The tlp1 mutant cells were capable of aerotaxis, i.e., they formed a sharp aerotactic band similar to that of the wild type; however, the band formed by the mutant was always located closer to the meniscus relative to the wild type, i.e., it formed at a higher oxygen concentration (Fig. 5A ). This behavior was consistent regardless of the electron donor used (Fig. 5B) . Furthermore, we measured oxygen consumption (respiration) by the mutant and wild type. We found no difference in the respiration rates of the wild type and the tlp1 mutant with malate, fumarate, or fructose as a substrate (data not shown), whereas the differences in the position of the aerotactic band were statistically significant.
We confirmed that the tlp1 mutant was impaired in aerotaxis by measuring the response time of cells to the removal of oxygen in a temporal gradient assay. The wild-type cells adapted to the repellent effect of oxygen removal in 35 Ϯ 2 s, whereas cells of the tlp1 mutant responded in 24 Ϯ 2 s (five independent experiments).
To determine whether the difference in the behavior of the wild type and the tlp1 mutant is limited to oxygen sensing or is representative of overall energy taxis, we compared tactic responses under anaerobic conditions in the presence of NO 3 Ϫ as an alternative electron acceptor. We found that the tlp1 mutant cells had a reduced response in a spatial gradient assay, regardless of the electron donor used in this experiment (Fig. 6) .
The tlp1 mutant is less sensitive to the repellent effect of a substituted quinone. Substituted quinones, such as 1,4-benzoquinone, are redox-active chemicals that trigger a repellent response for A. brasilense by interfering with electron transport through the respiratory chain (1, 19) . We compared the wild type (Sp7) and tlp1 mutant responses to 10 M 1,4-benzoquinone by two methods: a miniplug assay and a temporal gradient assay. In both assays, the tlp1 mutant showed a significantly reduced response to the redox repellent. The threshold in the miniplug assay was 100 M for Sp7 and 1,000 M for the tlp1 mutant. The response time in the temporal gradient assay was 93 Ϯ 15 s for Sp7 and 55 Ϯ 6 s for the tlp1 mutant (means Ϯ standard deviations). A higher concentration of repellent was required to elicit the response from the mutant in a spatial gradient assay, and the mutant was also less sensitive (i.e., had a shorter response time) than the wild type in a temporal gradient assay. Because the tlp1 mutant was impaired in all behavioral responses that are known to constitute energy taxis in A. brasilense, we conclude that Tlp1 is an energy taxis transducer. Fig. 2 with the MEGA phylogenetic package (22) . Thick lines mark branches with significant (Ն60%) bootstrap support (1,000 replicates). GenBank accession numbers and species abbreviations are the same as defined in the legend to Fig. 2 .
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The tlp1 mutant is impaired in colonization of plant roots. The construction and characterization of a mutant of A. brasilense lacking an energy taxis transducer and significantly impaired in energy taxis provided us with the unique opportunity to investigate the role of this behavior in colonization of plant roots. We employed a qualitative (46) and a quantitative (3) assay to compare the ability of the tlp1 mutant and the wild type to colonize the surface of sterile wheat roots. In the first approach, the spatial pattern of root colonization was visualized by detecting ␤-glucuronidase activity constitutively expressed from a stable plasmid, pJBA21TC (45), introduced in both strains. The wild type and the mutant cells were inoculated individually under sterile conditions at a final concentration of approximately 10 7 cells/ml to 10 different sterile wheat plants, and the plants were incubated for 10 days. Figure 7A shows the dramatic difference in the efficiency of root surface colonization between the mutant and the wild type.
We confirmed this difference in a quantitative assay by determining the number of wild-type and tlp1 cells colonizing the root surface of wheat plants 10 days after inoculation under conditions similar to those used for the qualitative assay (Fig.  7B ). In agreement with the results from the qualitative assay, we found that the number of tlp1 mutant cells recovered from the wheat root surface was significantly lower than the number of wild-type cells. In summary, the data indicate that the tlp1 mutant is impaired in colonization of wheat root surfaces and suggest that energy taxis contributes to root colonization in A. brasilense.
DISCUSSION
During energy taxis, cells seek a position in gradients of metabolized compounds at which the intracellular energy level is optimum. This behavior in E. coli has been studied extensively (12, 13, 18, 30, 32) and has been described for other FIG. 4 . The tlp1 mutant is deficient in chemotaxis. Chemotaxis of the A. brasilense wild-type strain (Sp7) and the tlp1 mutant was compared by the swarm plate assay. Swarm diameters were measured after incubation at 28°C for 48 h. (A) Representative swarm plate with fumarate as the sole carbon source. (B) The average swarm diameters are expressed as the percentage relative to that of wild-type strain (defined as 100%). Error bars represent standard deviations from the mean calculated from at least six repetitions. Differences in the swarming diameters of the wild type and the tlp1 mutant were found to be statistically significant with the following chemoeffectors: maltose, glycerol, succinate, citrate, fumarate, malate, and pyruvate. bacterial species, including A. brasilense (1) . However, the Aer and Tsr chemotaxis transducers of E. coli are the only two proteins that have been conclusively shown to transduce signals from energy taxis (13, 30) .
We have identified and characterized a novel energy taxis transducer in A. brasilense. The Tlp1 protein has a predicted membrane topology typical of classical transmembrane receptors in E. coli (15) ; however, its extracellular domain has no sequence similarity to the N-terminal domains of E. coli chemoreceptors and a rather limited similarity in the C-terminal domain. Tlp1 contains the cytoplasmic C-terminal signaling module, which consists of an HCD (23) flanked by methylation helices. The C-terminal domain of Tlp1 is highly similar to those of most closely related ␣-proteobacterial species.
The predicted periplasmic N-terminal domain is the first member of a newly identified domain family, which is found in two types of microbial sensor molecules: chemotaxis transducers and sensor histidine kinases. Such domain sharing between different classes of microbial sensors has recently been described for several unrelated extracellular sensory domains in prokaryotes (53) . The presence of a conserved sensory domain in different classes of signal transduction proteins clearly indicates its importance to the biology of the organisms.
The N-terminal domain of Tlp1 is more closely related to a homologous domain of a histidine kinase from a distantly related delta-proteobacterial species, Geobacter metallireducens, than to homologous domains of chemotaxis transducers from closely related ␣-proteobacterial species. This relationship is indicative of an independent evolutionary history of the extracellular and intracellular domains of Tlp1, which is consistent with the recently reported independent domain evolution of cyanobacterial chemotaxis transducers (47) . The biological function of the newly identified domain remains unknown.
The following experimental results strongly indicate that Tlp1 mediates energy taxis in A. brasilense, likely by monitoring a parameter linked to the electron transport system. In the absence of a functional Tlp1 transducer, mutant cells did not respond as effectively as cells of the wild type to gradients of electron donors (rapidly oxidizable substrates) or to terminal electron acceptors (oxygen or nitrate under anaerobic conditions) and were less sensitive to the repellent effect of a competitive electron transport inhibitor (a substituted quinone). All our results were consistent with the hypothesis that Tlp1 is an energy taxis transducer.
Although Tlp1 is an energy taxis transducer, the tlp1 mutant does not have a null phenotype. Therefore, we conclude that there are other energy taxis transducers in A. brasilense. Similarly, mutation of either Aer or Tsr, the two energy taxis transducers in E. coli, does not result in a null phenotype for energy taxis because the intact transducer can compensate for the mutated one (30) . In addition, the aer and tsr mutants form an aerotactic band in a capillary at a lower or higher oxygen 6 . The tlp1 mutant shows altered energy taxis under anaerobic conditions. Tactic responses of the A. brasilense wild-type strain (Sp7) and the tlp1 mutant were measured in the presence of nitrate as electron acceptor and succinate or fructose as electron donor. Plates were incubated anaerobically. Control plates containing no electron acceptor or no electron donor did not support growth. The average swarm diameters are expressed as a percentage of the wild-type swarm diameter (defined as 100%). Error bars represent standard deviation from the mean calculated from three independent experiments. The differences in the swarm diameters of the wild type and the tlp1 mutant were statistically significant. (30) , which is similar to the behavior of the tlp1 mutant. The molecular mechanism of energy sensing is understood only for the Aer transducer of E. coli (12, 32) . The Aer transducer has a PAS domain and a flavin-adenine dinucleotide cofactor that is proposed to sense redox potential via interaction with a component of the electron transport system (12, 32) . The molecular mechanism by which Tlp1 senses energy remains unknown, as it is for Tsr, and Tlp1 has a membrane topology similar to that of Tsr. The N-terminal periplasmic domain of the Tsr chemoreceptor lacks any oxygen-or redoxresponsive prosthetic group. Similarly, sequence analysis of Tlp1 did not reveal any conserved motifs for putative binding sites for oxygen-and redox-responsive cofactors. It is important to mention that, although Tsr and Tlp1 are both energy taxis transducers, there is no sequence similarity between their Nterminal periplasmic domains. Whether Tsr and Tlp1 sense energy via similar mechanisms remains to be determined.
The involvement of microbial chemotaxis in colonization of plant roots has been previously addressed (for a review, see reference 42). However, most of these studies used genetically uncharacterized mutants with chemotactic behavior that was not analyzed. Only recently, the role of chemotaxis in root colonization by Pseudomonas fluorescens has been demonstrated directly by using a cheA mutant (14) . Similarly, a R. leguminosarum mutant deficient in a chemotaxis transducer was shown to be less competitive in nodulation of the host plant (49) . However, the function of this transducer in R. leguminosarum and the behavior of the corresponding mutant were not established.
Root exudates serve as growth substrates for soil microorganisms. This factor ultimately contributes to the selection of the soil bacteria that colonize the rhizosphere by affecting the growth of bacteria in the vicinity of the roots. It was previously suggested that root colonization by azospirilla is dependent on the bacterial metabolism, and metabolism-dependent chemotaxis was proposed to contribute to host selection by the bacteria (31) . It has been demonstrated that metabolism-dependent chemotaxis in A. brasilense is largely energy taxis (1) . The findings of the present study suggested that energy taxis might be involved in root colonization and the establishment of Azospirillum-grass associations.
The identification of Tlp1 as an energy taxis transducer in A. brasilense allowed us to test this hypothesis. We have determined that a tlp1 mutant is significantly less efficient than the wild-type strain in root colonization when sterile wheat seedlings were inoculated to in vitro. Since the tlp1 mutant had a reduced ability to navigate in gradients of chemoeffectors that affect intracellular energy levels, it is likely that the smaller populations of the tlp1 mutant resulted from reduced sensitivity of the mutant to root-generated gradients of chemoeffectors that affect energy levels.
It was previously proposed that active motility and chemotaxis to chemicals present in cereal root exudates are responsible for the first steps of root colonization in various host microbe associations, including in Azospirillum spp. (41, 42) . Our results suggest that energy taxis is important for the establishment of A. brasilense in the rhizosphere of wheat. We hypothesize that previously observed strain-specific chemotaxis of Azospirillum to chemicals typical of plant root exudates (31) can be attributed to energy taxis. Through energy taxis, azospirilla are attracted to a broad range of chemicals that support metabolism. Such metabolites are found in the root exudates of various host plants. This broad response is in contrast to the strict host specificity in which specific chemical signals establish the association. It is therefore tempting to speculate that energy taxis might be a significant factor that contributes to the broad host specificity seen in Azospirillum-plant associations.
A recent analysis of the number of chemotaxis transducers in different microbial genomes indicates that many soil bacteria possess significantly more chemoreceptors than the model organisms studied for chemotaxis (E. coli and Bacillus subtilis). The sensory specificity for the large majority of these transducers is unknown (2) . However, given that chemotaxis is probably a major factor in bacterial adaptation to changing conditions, future studies focusing on characterizing the sensory specificity of chemotaxis transducers should unravel the diversity of environmental cues that trigger adaptive responses in microorganisms. They will also aid in defining how chemotaxis contributes to the biology of these organisms. 
